This work aims to develop a stable, compact and portable fibre optic sensing system which is capable of real time detection of the mercury ion (II), Hg 2+ . A novel fluorescent polymeric material for Hg 2+ detection, based on a coumarin derivative (acting as the fluorophore) and an azathia crown ether moiety (acting as the mercury ion receptor), has been designed and synthesized. The material was covalently attached to the distal end of an optical fibre and exhibited a significant increase in fluorescence intensity in response to Hg 2+ in the µM concentration range via a photoinduced electron transfer (PET) mechanism. The sensor has also demonstrated a high selectivity for Hg 2+ over other metal ions. A washing protocol was identified for sensor regeneration, allowing the probe to be re-used. The approach developed in this work can also be used for the preparation of sensors for other heavy metals.
INTRODUCTION
Mercury pollution in soil due to mining and industrial activities poses a serious problem across the world both from an economic and health perspective [1] [2] [3] . Common methods for the remediation of mercury-contaminated soil include excavation and disposal but these methods are often costly and crude. Mercury, both in the inorganic form as Hg 2+ or in the organic form as methyl mercury, once introduced into the body, can accumulate and cause serious irreversible damage to the immune system, the central nervous system and kidneys 2, 4 . It is also believed that mercury causes various neurodegenerative diseases such as Alzheimer's diseases and Parkinson's disease 3 . Therefore, the detection of mercury is very important for the protection of human health and the minimization of its exposure in the environment is critical. Such sensors would also provide a warning of exposure and thus act as a trigger for treatment.
In recent years, a number of chemical sensors for the detection of Hg 2+ have been reported, based either on electrochemical methods [5] [6] [7] or fluorescence [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, there are weaknesses with them and their applications, where most are not suitable for use in the field. Biosensors based on whole bacterial cells or bacterial heavy metal binding proteins 21, 22 , which can be considered as alternative devices, also suffer from certain limitations due to the fragile and unstable nature of the biological recognition elements. Commercial heavy metal sensors for use in soil are very limited and are typically either very expensive or require the extraction of soil prior to its manipulation and analysis, which could allow sample degradation. Consequently, there is a strong industrial need for the development of a low-cost and portable alternative for mercury detection, thus providing a fast screening solution to yield new information on what is an important aspect of improving the environment.
This work aims to develop a stable, compact and portable fibre optic sensing system which is capable of real time detection of the mercury ion (II). The fibre optic approach used here is familiar for the advantages offered over conventional means, in terms of small size, immunity to electromagnetic interference, remote sensing capability, resistance to chemicals and biocompatibility 23 . A novel fluorescent polymeric material for Hg 2+ detection based on a derivative of coumarin (acting as the fluorophore) and an azathia crown ether moiety (acting as the mercury ion receptor) has been designed, synthesized and covalently attached to the distal end surface of an optical fibre. Azathia crown ethers have been reported to have strong ability to coordinate with heavy and transition metal ions and have previously been used as receptors in the design of fluorescent sensors for Hg 2+ 9, 24 . However, the signalling mechanism employed in those sensors was based on intramolecular charge transfer (ICT), leading to the quenching of fluorescence upon analyte *hien.nguyen@city.ac.uk; phone +44 (0)20 7040 3257; fax +44 (0)20 7040 8568 I \ L J binding. It is strongly desirable that the fluorescence modulation is in the 'off-on' direction, since this will lead to the best signal to noise characteristics and avoid potential false positive responses due to degradation of the system. In this sensor design, the presence of the amine significantly reduces the fluorescence of the fluorophore due to the quenching of its fluorescence by the nitrogen lone pair electrons through PET. Upon complex formation with Hg 2+ , the nitrogen lone pair electrons are donated to Hg 2+ , which therefore abolishes or tremendously reduces the fluorescence quenching. Consequently, binding of Hg 2+ switches on fluorescence as illustrated in Fig.1 . 
EXPERIMENTAL

Sensor fabrication
The fabrication of the Hg 2+ sensing probe required a multi-step process, using a novel polymerisable coumarin dye bearing an azathia crown ether moiety (CACE). CACE absorbs at 342 nm and emits at 471 nm in H 2 O/MeCN (7:3, v/v) (Fig. 2a) . It shows a significant increase in fluorescence intensity in response to Hg 2+ in an aqueous acetonitrile mixture (Fig.2b) . CACE was covalently bound to the optical fibre by copolymerizing with methacrylic acid and ethylene glycol dimethacrylate (EDMA) cross linker using 2,2-dimethoxy-2-phenyl-acetophenone as the initiator on the surface of the fibre that was prepared and functionalized with polymerizable methacrylate groups following the previously reported method 25 . The whole process was carried out in an argon filled glove box by alternately immersing the fibre tip in the pre-polymerization mixture using a dip coater and curing with 365 nm UV radiation (3 times). The sensor tip was washed in methanol and distilled water to remove all unreacted materials and the excess amount of polymer formed which was not directly bound to the fibre. The probe was then stored in a cool and dark place until its later use. 
Experimental set-up
The set-up used for the measurements undertaken to evaluate the performance and thus calibrate the probe is as presented in Fig. 3 , where light from a LED, emitting at a centre wavelength of 375 nm is coupled through a multimode UV/Visible fibre, using collimation and focusing lenses, into one branch of a 2x1 multimode fibre coupler. The other end of the fibre coupler is connected to the sensor probe with the active sensing region being located at the distal end of the fibre. Following the interaction of Hg 2+ with the active region, a portion of the total light emitted from the sensing layer is collected and guided through the other branch of the fiber coupler to an Ocean Optics USB2000 spectrometer, with the output being displayed on a computer screen. 
RESULTS AND DISCUSSION
Response of the sensor to Hg
2+
The calibration of the sensor was performed using a series of solutions of mercury chloride in deionized water. The probe was immersed in the Hg 2+ solutions and the signals were allowed to reach constant values (~ 2 minutes) before being recorded. The sensor was rinsed with deionized water between measurements. In a way that is similar to that seen for the free dye, the sensor exhibited an increase in fluorescence intensity with increasing Hg 2+ concentration in the range of 0 -14 µM (Fig. 4) . At higher concentrations of Hg
, no further change of intensity was observed due to the saturation of all available binding groups. It has also been noted that the emission peak of the immobilized form of the dye is slightly 'red shifted' compared to that of its free form in solution -that is to a longer wavelength. It seems that this probably can be attributed to the change in the polarity of the microenvironment. 
Photostability and Reusability
Photostability is one of the critical properties of fluorescent materials and thus of the fluorophore used in this sensor application. In order to test the photostability of the fluorophore, the probe was coupled into the fluorimeter through a dichroic mirror using a fibre bundle. The excitation light (at a wavelength of 350 nm) was launched to the distal end of the probe illuminating the sensing material with light from the intense, high power Xe lamp of the fluorimeter continuously for 1 h. The fluorescence intensity data from the probe were collected over that period and displayed. As can be seen from Fig. 5 , very little photobleaching (less than 1%) was observed over the time investigated and with the high flux of photons onto the probe, indicating that the material prepared possesses excellent photostability, a feature that is critically important with excitation of sensor probes by high intensity solid state sources. Sensor reusability is important for the development of a tool that can allow multiple, rapid and real-time measurements in the field. Consequently, a range of known mercury binders and washing agents were screened to identify a method for probe regeneration. It was found that TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine) proved superior to EDTA and nitric acid. The spectral comparison before and after the TPEN incubation with a return of fluorescence indicates that the probe can be regenerated by removal of mercury (II) ions using 10 mM TPEN in deionized water, and subsequent rinsing with deionized water, for multiple measurement cycles. Further optimization of this protocol is in ongoing to refine the sensor design and packaging for the next-stage field tests.
Selectivity of the sensor towards other cations
The responses of the sensor probe to the presence of various biologically and environmentally relevant metal ions were investigated and the results are illustrated in Fig. 6 . The concentration of all the ions tested was fixed at 10 µM where a significant increase in fluorescence intensity was seen for Hg 2+ . 
CONCLUSIONS
A stable, compact and portable optical fibre sensor able to detect mercury in dilute aqueous solutions has been prepared, evaluated and preliminary results reported. The sensor has showed an increase in fluorescence intensity in response to Hg 2+ in the µM concentration range via a photoinduced electron transfer mechanism with excellent selectivity over relevant metal ions. Transfer to field testing in soil may require hydration of the sensor tip, depending on ground conditions and appropriate sensor 'packaging' to withstand use by inexperienced operators. With on-going work to refine the performance, this type of sensor has the potential to be an important tool for better environmental monitoring.
